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Abstract. MAPLE direct write (MAPLE DW) is a new by using surface-mounted components. Surface-mount tech-
laser-based direct-write technique which combines the basimlogies are based on a three-fold strategy of first designing,
approach employed in laser-induced forward transfer (LIFT}hen patterning, and finally mounting each of the system com-
with the unique advantages of matrix-assisted pulsed-las@onents on a circuit board. Modifications to an existing device
evaporation (MAPLE). MAPLE DW utilizes an optically require time-consuming iterations of the above steps. The
transparent substrate coated on one side with a matrix conse of rapid prototyping techniques can provide a solution to
sisting of the material to be transferred mixed with a polymethese time-consumption problems. With a rapid prototyping
or organic binder. As in LIFT, the laser is focused throughprocesses, it is possible to direct write elements and compo-
the transparent substrate onto the matrix. When a laser pulsents onto the wide variety of surfaces called for in circuit
strikes the matrix, the binder decomposes and aids the trandesign, essentially eliminating multiple steps and time con-
fer of the material of interest to an acceptor substrate placestraints. Furthermore, the fact that direct-write techniques are
parallel to the matrix surface. MAPLE DW is a masklesscompatible with current computer software for integrated de-
deposition process which operates in air and at room temperaign and manufacture (CAIZAM) is an added advantage.
ture. Powders of AgBaTiOs, SrTiOs, andY3Fe;012 with This article presents a novel direct-write technique that
average diameters afum were transferred onto the surfaces combines the positive advantages of laser-induced forward
of alumina, glass, silicon, and printed circuit board substratedransfer (LIFT) and matrix-assisted pulsed-laser evaporation
Parallel-plate and interdigitated capacitors and flat inductMAPLE). This technique is called MAPLE direct write
tors were produced by MAPLE DW over Rogers RO4003(MAPLE DW). An overview of the MAPLE DW process,
substrates. MAPLE DW was also used to transfer polyalong with its advantages, is presented. We give experimen-
mer composites for the fabrication of gas sensor chemoreal results from various devices made by MAPLE DW such
sistors. One such composite chemoresistor fabricated withs parallel-plate and interdigitated capacitors, flat inductors,
polyepichlorohydririgraphite was used to detect organic va-conducting lines, resistors, and chemoresistive gas sensors.
pors with a sensitivity of parts per million.

PACS: 81.15.-z; 81.40.-z; 81.60.-z 1 Background

1.1 Laser-induced forward transfer (LIFT)
In the last ten years, the use of electronic systems has in-

creased dramatically. In concert, the demand for faster ,a’_’@ver the past decade, many direct-write techniques based
smaller products has placed enormous emphasis on minigy, |aser-induced processes have been developed to deposite
turization and increased functionality. In order to fabricateyaterials for a variety of applications. Among these tech-
electronic assemblies with reduced weight, volume, cost, angiqes, LIFT has shown the ability to direct write metals for
time, new materials ani@r tools to process them must be jyierconnects and mask repair and also simple dielectric ma-
developed. Until now, limited progress in the miniaturiza-e ig|s such as metal oxides. LIFT was first demonstrated with
tion of electronic and sensor components has been achievgthials such as Cu and Ag over substrates such as silicon and
- fused silica by utilizing excimer or Nd: YAG lasers [1, 2].
*Corresponding author. o _ LIFT is a relatively simple technique that employs laser ra-
(Fax: +1-202767-5301, E-mail: pique@nrl.navy.mil) diation to transfer a thin film from an optically transparent
COLA99 — 5th International Conference on Laser Ablation, July 19-23,SUPPOrt onto a substrate placed below and parallel to it. Pat-
1999 in Géttingen, Germany terning is achieved by moving the laser beam (or substrate) or
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by pattern projection. The former is a method of direct writingmetallic, and ceramic substrates at room temperature. The
patterns. overall write resolution for this technique is currently on
LIFT has several experimental requirements that can havie order ofl0pum. Since MAPLE DW uses a highly fo-
significant effects on the quality of the pattern or device fab-cused laser beam, it can easily be utilized for micromachin-
rication. The laser fluence should be adjusted so that the praig, drilling, and trimming applications, by simply remov-
cess is carried out near the energy threshold to transfer oniyg the ribbon from the laser path. The flexible nature of
the film material. Target films typically do not exceed a thick-MAPLE DW allows the fabrication of multilayered struc-
ness of a fewd 00 nm The distances between the target filmtures in combination with patterning. Thus, MAPLE DW
and the substrate must be controlled, generally within 25 tés both an additive as well asubtractivedirect-write pro-
75um. Overall, LIFT has proven to be a simple and effectivecess. MAPLE DW can also be adapted to operate with
technique that can be used on a wide variety of metals, angvo lasers of different wavelengths where the wavelength
some simple oxides, but not with complex multi-componenfrom one laser has been optimized for the transfer and
materials such as ferroelectrics. micromachining operations (i.e. UV), whereas the second
laser is used modify the surface and anneal either the sub-
strate or any of the already deposited layers (i.e. IR or
1.2 Matrix-assisted pulsed-laser evaporation (MAPLE) visible) [8].
In MAPLE DW, a laser-transparent substrate such as
A new, laser-assisted, vacuum deposition technique, knowa quartz disc is coated on one side with a film a few mi-
as MAPLE [3] has been developed at NRL for depositingcrons thick. The film consists predominantly of a mixture
thin, uniform layers of chemoselective polymers [4—6] andor matrix of a powder of the material to be transferred and
other organic materials, such as carbohydrates [7]. The hybraphoto-sensitive polymer or organic binder. The polymer as-
laser transfer mechanism associated with MAPLE enables treists in keeping the powders uniformly distributed and well
deposition of complex organic molecules into thin films thatadhered to the quartz disc. The coated disc is called the rib-
cannot be used in conventional PLD processing. bon and is placed in close proximity (25 &®0um) and
In MAPLE, an organic compound is dissolved in a ma-parallel to the acceptor substrate. As with LIFT, the laser
trix material, generally a volatile solvent such as an alcoholis focused through the transparent substrate onto the matrix
to form a solution. This solution is frozen toe —100°C in  coating (see Fig. 1). When a laser pulse strikes the coating,
order to form a laser targeR.6-cm— diameterdisc, 1cm  a fraction of the polymer decomposes into volatile byprod-
thick). When the laser strikes the surface of the target, iticts which propel the powders to the acceptor substrate.
causes rapid vaporization of the solvent molecules. Part of tHea MAPLE DW, the material to be transferred is not va-
thermal energy absorbed by the solvent is transferred to theorized, because the laser fluences required to decompose
organic molecules. When these molecules are exposed to ttiee photo-sensitive polymer are below the ablation threshold
gas— target interface, they are transported into the gas phaskthe powders. By avoiding the vaporization of the mate-
with sufficient kinetic energy to be desorbed from the tar-rial, complex compounds can be transferred without modify-
get surface without significant decomposition. A film will be ing their composition, phase, and functionality. Furthermore,
formed on a substrate placed opposite the target; the solvetitere is no heating of the substrate on which the material is
is pumped out. transferred.
Both the acceptor substrate and the ribbon are mounted
onto stages that can be moved by computer-controlled step-
1.3 MAPLE direct write (MAPLE DW) per motors. By appropriate control of the positions of both the
ribbon and the substrate, complex patterns can be fabricated.
The MAPLE DW technique utilizes all of the advantagesBy changing the type of ribbon, multicomponent structures
associated with LIFT and MAPLE to produce a laser-can easily be produced. Furthermore, because the laser in the
driven direct-write process capable of transferring materialMAPLE DW system can also be focused onto the substrate,
such as metals, ceramics, and polymers onto polymerigperations such as micromachining, drilling, trimming, and
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annealing can be performed by simply removing the coatednd1.5 cmworking distance was used. By changing the aper-
ribbon from the laser path. ture size, beam spots frofyum to 200pum were generated.
The laser fluence was estimated by averaging the total energy
of the incident beam over the irradiated area. Figure 2 shows
2 Experimental how each of these components were arranged in our system.
Various substrates were used for the transfer experiments, in-
Fused silica quartz discs, double-side polished,cm in  cluding silicon, glass, alumina, polyimide, and various types
diameter and with thickness ranging from 28enm were  of printed circuit boards such as bare FR-4 and bare Rogers
used as ribbon supports. Two types of ribbons coated oRO4003 (RO4003). Each of these substrates presented vari-
one side were used for this work. The first type were coatedus degrees of surface finish, ranging from the epi-polished
by e-beam evaporation with50-nm-thick gold or nichrome finish of the silicon substrates to the very rough finish of the
layers for the LIFT experiments. The second type werdare FR-4 and bare RO4003. Transfer tests were performed
spin-coated with a matrix film. The matrices were preparedby using Ag and BTO ribbons over each of these substrates.
by mixing powders (1 to2um average grain size) with The adhesion of the transferred material varied from poor, on
poly(butyl methacrylate) (PBMA, averagkl, = 320000 silicon, to good, over RO4003 substrates, as evaluated with
Aldrich) in a chloroform solution. Typical solutions contained standard tape tests.
about1 gmof powder and.05 gmof PBMA mixed by son-
ication in 10 to20 ml of chloroform. When these solutions 2.1 Conductive lines and coplanar resistors
were spin-coated @000 rpmover the quartz discs, a uni-
form powdeyPBMA coating2—4 pm thick was formed once 0.35-mm-long silver conductive bridges, connecting gold
the chloroform had evaporated. Ribbons with BgTiO;  pads on alumina substrates, were fabricated by MAPLE DW
(BTO), SrTiO; (STO), andY3Fes0i2 (YIG) powders were by using2-um-thick Ag/PBMA matrix ribbons. A100-pum-
prepared. diameter laser spot with a fluence 90 mJcn? was used
For all the transfers performed in this work,2&um  for these experiments. About 10 passes were required in order
spacer was used to separate the coated side of the ribbansproduce al0-um-thick silver line. By using the e-beam
from the substrates. Both the substrate and ribbon were helgbld-coated ribbons, Au conducting lines were deposited by
in place by using a vacuum chuck over the X-Y substratd IFT on glass, alumina, FR-4, and RO4003 substrates. An
translation stage. An excimer laser operating with a KrF mix-optical micrograph of the gold lines deposited on a RO4003
ture 248 nm 20 nspulse width) was used for the transfer substrate is shown on Fig. 3a. The lines were generated by
experiments. The laser beam was spatially filtered and thewverlapping the25-pum-diameter laser spots, each with a flu-
directed through a circular aperture. A mirror that is highly re-ence of550 mJcn®. In order to generat&0-um-thick gold
flecting at45° (at 248 nn) and transparent in the visible was
used to direct the laser beam into the objective lens and for
imaging through the objective into a camera. A<l6bjective
lens, AR coated foR48 nm with a 0.25 numerical aperture oo (@)
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Table 1. Summary of experimental pa-

rameters used for this work Devices Transfer Material Spot Size Fluence No. of  Thickness

process dia.pm) (mJ/em?) passes m)

Ag lines MAPLE DW Ag 100 500 10 10

Au lines LIFT Au 25 550 100 10

NiCr resistors LIFT NiCr 25 1500 100 10

Parallel-plate MAPLE DW BTO 25 500 25 20-25

capacitors (dielectric)

Interdigitated MAPLE DW STO 25 500 20 5-20

capacitors

Flat inductor MAPLE DW YIG 25 550 25 20
(ferrite)

Chemoresistor MAPLE DW  PECHraphite 25 250 40 NA

lines, about 100 passes were required. The five coplanar rg:2 Multilayer capacitors and inductors

sistors shown in Fig. 3b were made by LIFT of the nichrome

ribbons over RO4003. The overlap between successive pasdew the fabrication of the parallel plate capacitors, interdig-
was optimized in order to improve the uniformity of the itated capacitors, and flat inductors a hybrid approach was
nichrome structures. Again, 26-um spot with a fluence of used. First, &-um-thick gold layer was e-beam deposited
1500 mJcn? was used. The final thickness of the nichromeonto a RO4003 substrate. The bottom electrodes were then
resistors was aboutOm after 100 passes. Table 1 lists the patterned with the laser. The ablation patterning was per-
experimental parameters from these experiments. formed with a25-um laser spot and a fluence 8fJ/cn?.
Next, for the parallel-plate capacitors, a layer 202fum

thick of BTO was deposited. In the case of the interdigitated
capacitors, layers 5 t80um thick of BTO or STO were de-
posited, and for the flat inductor2d-um-thick layer of YIG

was fabricated. Each of these layers were generated by over-
lapping25-um laser spots. Table 1 list details for each mate-
rial. Finally, 10-um-thick top Au electrodes were deposited
by LIFT under the same conditions employed for making the
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Fig. 4. a Optical micrograph showing two parallel-plate capacitors with
BTO dielectric layers made by MAPLE DW Optical micrograph show-
ing a four-turn flat inductor with a YIG core deposited by MAPLE DW. : .

¢ andd Optical micrographs of an interdigitated capacitor before and afterFig. 5. aPrinciple of operatlon ofa chemoresnstbrOptlcal m|crograph of
depositing a STO dielectric layer by MAPLE DW PECH/graphite chemoresistor patch made by MAPLE DW
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conduction lines (this last step was not required for the inter3.2 Capacitors and inductor
digitated capacitors). Figure 4a shows an optical micrograph
of two BTO parallel-plate capacitors, and Fig. 4b shows a miBoth the parallel-plate and interdigitated capacitors were
crograph of a YIG core flat inductor. Figure 4c,d show opticalevaluated at frequencies ranging franviHz up t0 1.8 GHz
micrographs of an interdigitated capacitor before and afteby using a HP4291A impedance analyzer. The capacitance
MAPLE DW of a STO pad. ratio between the large and small parallel-plate capacitors was
close to a 4:1 area ratio as expected, with some variations
attributed to nonuniformities on the BTO transfers. The meas-
2.3 Chemoresistor gas sensors ured capacitance of the devices ranged from 2Q@Fand
the effective dielectric constants ranged from 22 to 40 with

By using dispersions of a conducting material such as grapﬁa_”‘s between 0.11 and 0.17. The interdigitated capacitors
ite and non-conducting chemoselective polymers, gas sensdiih BTO layers had capacitances of abdyiF, and those
based on conductimetric techniques [9,10] can be fabri¥ith STO were aboud.5 pF. The interdigitated capacitors
cated. In the correct ratio, the graphipelymer compos- had dielectric constants of 41 and 10 for the BTO and STO
ite is conductive and its resistance will change when exl2yers, as found by using a conformal mapping technique.
posed to different vapors, as shown schematically in Fig. 5a. é" the BTO capacitors were annealed in a furnace at
A 4-um-thick ribbon was spin-coated from a solution con-200°C for two hours. After the annealing step, the meas-
taining0.1 gmof polyepichlorohydrin (PECH, averadé, = ured capacitance decreased by as much@s. For the
700000 Aldrich) and0.01 gmof graphite powder mixed in Parallel-plate capacitors, tardecreased by an order of mag-
50 ml of chloroform. This ribbon was used in order to test theNitude as well. After annealing, the_effectwe dielectric con-
ability of the MAPLE-DW process to transfer polymer ma- Stants for the parallel-plate capacitors ranged from 12 to
terials as well as composites. A series of conductive patchek» and for the BTO layers they were about 30. Figure 6

across gold electrodes were produced, one of which is showi{!oWs 2 plot of the capacitance vs. frequency for one of
in Fig. 5b. the parallel-plate capacitors before and after the annealing

step. The as-deposited BTO shows large dielectric relaxation
with onset at~ 10 MHz and dielectric saturation at 1 GHz
After annealing, the BTO exhibits a smaller dielectric con-
stant with the onset of the dielectric relaxation shifting to
) near2 GHz Earlier work by this group has shown that by as-
3.1 Metal lines suming a ferroelectritpolymer/air composite dielectric layer
for these capacitors and by applying a logarithmic mixing

The resistivity of the silver lines deposited by MAPLE DW rule, it is possible to explain the low dielectric constants
was measured to be about®1mes higher than that of measured [11]. Based on this premise, we assigned dielec-
bulk silver. SEM analysis indicated that the silver lines weretric constants of 2000 and 4 to the BTO powder and PBMA,
porous. As a comparison, the average resistivity of the goldespectively. Then we assumed that the BPBMA/air vol-
lines deposited by LIFT was measured to Teu2cm at ume percentages of the as-deposited and annealed layers were
room temperature, which is about 30 times higher than that0:20:40 and 40:0:60, respectively (all the PBMA had de-
of bulk Au (2.4 cm). With LIFT, each laser shot re-
sulted in the transfer of an approximat@yl-pm-thick spot,
whereas with MAPLE DW, each laser shot producdejan-
thick SpOt. The poor COﬂdUCtiVity of the MAPLE DW sil- 4 T T T TTTTT T T T TTTTT T T T TTT T
ver lines is probably due to the large fraction of air gaps
present and polymer residue that did not decompose after the
transfer. 35

The measured resistance of the LIFT-deposited nichrom/LeC
resistors ranged from 65 02 and their properties scaled o
with respect to the cross section and length as expected. Thg 3
calculated resistivity was considerably larger than that of bulk2
nichrome and is likely to be due to oxidation of the alloy 8
during transfer. Despite the poor conductivity of the silver §
MAPLE DW lines, these initial results demonstrate fabrica- S
tion of conductive structures with MAPLE DW. By using O After 200°C Post-Annealing
silver powders with controlled particle size distributions, in N
order to improve filling between particle grains, and by ad- N
justing the silver powder to the polymer content in the matrix, - R
improvements in the conductivity of the metals produced by C
MAPLEDWShOU|db6pOSSib|e. 1.5 Lol [ |||||||8 [ |||||||9 L1

It is worth noting that the transfer rate per laser shot for 10 10’ 10 10
the MAPLE DW process is about an order of magnitude
higher than that for LIFT. In LIFT, ribbons with relatively thin Frequency (Hz)

coatings must be Us_ed ?n order for the coating to be vaporizegly g. capacitance vs. frequency for a BTO parallel-plate capacitor before
and transferred, which is not the case for MAPLE DW. and after being annealed 200°C for 2 hours

3 Results and discussion

As Deposited by MAPLE DW

2.5
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Fig. 7. Change in resistance as a function of time for a PEgHphite

that MAPLE-DW can also be used for direct writing of poly-
mer materials and composites without damaging their func-
tional behavior. Figure 7 shows the response of the MAPLE
DW chemoresistor when exposed to various concentrations of
CEE vapor.

4 Conclusion

We have demonstrated the efficacy of a novel laser-driven
direct-write technique, MAPLE DW. This technique allows
the direct writing of various materials, including metals, ce-
ramics, and polymeric materials, onto different types of sub-
strates, such as alumina, glass, silicon, polyimide, and printed
circuit board in air and at room temperature. Various types
of device configurations, such as capacitors, inductors, and
chemoresistors, were demonstrated using this technique. For
this work, parallel-plate capacitors and flat inductors, each

pad made by MAPLE DW when exposed to various concentrations of CEE&Vith gold electrodes made by LIFT and MAPLE DW BTO di-

vapors

electric and YIG ferrite layers, respectively, and interdigitated

capacitors with MAPLE DW STO pads were demonstrated.

composed after annealing). With the above assumptions,
logarithmic mixing rule predicts a dielectric constant of 2
prior to and 21 after annealing, which is a dro28% and is
close to observation.

tffrthermore, miniature chemoresistor gas chemical sensors
gWwere also fabricated by MAPLE DW and demonstrated ppm
sensitivity to organic vapors.
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3.3 Chemoresistor 5

The MAPLE DW PECHgraphite bridges had resistances of ¢.
the order of 1 to4 MQ. When exposed to vapors from sol-
vents such as acetone, toluene, and xylene, the resistancé
increased rapidly, but once the vapor was removed, the resis-
tance returned to the original level in a few seconds, which g
is the expected behavior of a chemoresistor. When measured
against calibrated concentrations of toluene and a mustard.
gas simulant, bis-chloro-ethylether (CEE), the MAPLE DW
chemoresistors showed sensitivities of the order of parts pe1’ '
million (ppm). These results are preliminary, and more de-1;.
tailed analysis will follow. However, they clearly demonstrate
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